Somatic copy number alterations (SCNAs) are important biological characteristics that can identify genome-wide alterations in renal cell carcinoma (RCC). Recent studies have shown that SCNAs have potential value for determining the prognosis of RCC. We examined SCNAs using the Affymetrix platform to analyze samples from 59 patients with clear cell RCCs (ccRCCs) including first cohort (30 cases) and second cohort (validation cohort, 29 cases). We stratified SCNAs in the ccRCCs using a hierarchical cluster analysis based on SCNA types, including gain, loss of heterozygosity (LOH), copy neutral LOH, mosaic, and mixed types. In this way, the examined two cohorts were categorized into two subgroups (1 and 2). Although the frequency of mixed type was higher in subgroup 1 than in subgroup 2 in the two cohorts, the association did not reach statistical significance. There was a significant difference in the frequency of metachronous metastasis between subgroups 1 and 2 (subgroup 2 > 1). In addition, subgroup 2 was retained in multivariate analysis of both cohorts. We examined whether there were specific alleles differing between subgroups 1 and 2 in both cohorts. We found that there was indeed a statistically significant difference in the 3p mixed types. Among the 3p mixed type, we found that 3p24.3 mixed type was inversely correlated with the presence of metachronous metastasis in ccRCC. The association was also retained in multivariate analysis in second cohort. We suggest that the 3p24.3 mixed type may be a novel marker to predict a favorable prognosis in ccRCC. K E Y W O R D S clear cell renal cell carcinoma, cluster analysis, patient prognosis, renal carcinogenesis, somatic copy number alteration
classification is limited in its ability to predict patient outcome, even in clear cell RCC (ccRCC). 4, 5 In that regard, biological markers that predict patient outcome in ccRCC are available. [6] [7] [8] Recently, somatic copy number alterations (SCNAs) have been used to predict tumor aggressiveness in ccRCC. 9, 10 Several studies have demonstrated that the presence of multiple SCNAs is associated with overall patient survival, tumor stage, and development of metastasis. 11, 12 Genome-wide assessment using somatic SCNAs provides useful information for identifying overall genomic profiles of cancer cells. 11, 12 The accumulation of SCNAs contributes to tumor heterogeneity and consequently striking differences in the presence of SCNAs between primary and metastatic sites. 13 The accumulation of SCNAs plays important roles in tumor progression in RCC as well as other types of cancer. 14 Here, we examined the clinicopathological impact of SCNAs in a Japanese cohort using an array-based comprehensive genomic methodology. The differences in molecular profiles and clinical outcome were carefully analyzed in the present study. Our aim was to identify the association of SCNAs present in ccRCC with clinicopathological findings.
In addition, we attempted to show the genomic heterogeneity that occurred in ccRCC and the clinical impact of SCNA patterns.
| MATERIALS AND METHODS

| Patients
A total of 59 patients undergoing renal mass excision for ccRCC between January 2011 and June 2017 were enrolled in this study at Iwate Medical University. The 59 patients we examined were divided into two categories, including a first cohort (30 cases) and then a second cohort (29 cases) to validate the results of the first cohort. The fresh tissues were frozen in liquid nitrogen immediately after dissection. All tissue samples were confirmed to be ccRCC type based on their pathology and they were diagnosed according to the "WHO guidelines for tumors of the urinary system and male genital organs" with a slight modification. 15, 16 The clinicopathological findings included sex, age, tumor size, tumor location, Fuhrman grade, necrosis, venous invasion, TNM stage, and the presence of metachronous metastasis as indicated by the Japanese Classification for Renal Cell Carcinoma (Table 1 ). 17 The median duration of follow-up of metachronous metastasis was 49 months (range, 3-82 months). During this follow-up period, 11 patients with metachronous metastasis died. In the present study, no patients with additional treatment, such as chemotherapy and radiotherapy, were included. Protocols were approved by the ethics committees and institutional review boards of participating centers (HG2018-519).
| DNA extraction
DNA was extracted from isolated normal and tumor tissues by sodium dodecyl sulfate lysis and proteinase K digestion, followed by a phenol-chloroform procedure as reported previously. 18 
| Estimation of tumor DNA content
Pathologic examination of hematoxylin and eosin stained tissue directly adjacent to the area used for single nucleotide polymorphism (SNP) array was performed to ensure that the region of tumor examined was as phenotypically homogenous as possible, to maximize tumor percentage in the tissue sampled and to minimize the presence of stroma and normal tissue. In addition, necrotic tissue was avoided.
The area of the selected tumor tissue that was adjacent to the sample site was quantitatively analyzed using digital pathology with Aperio Software (Leica Biosystems). Tissue sections were scanned on an Aperio AT2 scanner with an average scan time of 120 seconds (compression quality, 70). Images were analyzed using color deconvolution and colocalization. Aperio Image Analysis software (for measurement of tumor tissue area) was used. The ratio was obtained by dividing the area of the whole tumor tissue that included interstitial tissue by the area of tumor tissue without such interstitial tissue. The ratio was generally greater than 0.8 (80%-90%). A representative figure is shown in Figure S1 .
| SNP array analysis
The Cytoscan HD (Affymetrix, UK) platform was used in all experiments. This array contains more than 1.9 million nonpolymorphic markers and over 740 000 SNP markers with an average intragenic marker spacing of 880 bps and intergenic marker spacing of 1737 bps. These platforms consist of microarrays containing nonpolymorphic probes for copy number variations (CNVs) from coding and noncoding regions of the human genome as well as polymorphic SNP probes. All procedures were carried out as instructed by the manufacturer. 
| Classification of copy number alteration
In the present study, we classified SCNAs into five subtypes, including gain, LOH, copy neutral LOH (CN-LOH), mosaic, and mixed types. Whereas LOH was considered a cross chromosomal change that results in loss of the entire gene and the surrounding region, gain was defined as a cross chromosomal change that was caused by a gain of the entire gene and the surrounding region. CN-LOH was defined as an occurrence of LOH in the absence of the allelic loss (copy number ≥ 2). On the other hand, a mosaic pattern was defined as a mixture of normal and abnormal cells with SCNAs. Finally, a mixed pattern was a mixture of greater than two SCNA patterns within one locus, such as LOH and LOH mosaic, or gain and LOH or gain and gain mosaic.
| Hierarchical analysis of the copy number alterations
We conducted hierarchical cluster analysis to group the samples according to their SCNA patterns. This approach maximized homogeneity for each group and assured the greatest differences between the groups. 
| Hierarchical clustering based on SCNA patterns in ccRCCs in the first cohort
We assessed the SCNA pattern using hierarchical clustering.
We identified two distinct subgroups (subgroup 1, 13 cases; 414 | subgroup 2, 17 cases) as shown in Figure 1A , in which the copy number alteration (CNA) marker in tumor tissue is indicated by the vertical line, and the horizontal lines denote "relatedness" between samples. Figure S2a was added to facilitate understanding.
| Differences in the clinicopathological findings between subgroups 1 and 2
No statistical differences in clinicopathological findings were found between the subgroups, including sex, age, tumor size, tumor location, Fuhrman grade, necrosis, venous invasion, TNM stage, and overall survival. However, we found that the frequency of metachronous metastasis was greater in subgroup 2 than in subgroup 1 (P = .0067; Table 2a ).
| Differences in the SCNA patterns between subgroups 1 and 2
Differences in the SCNAs between subgroups 1 and 2 are shown in Table 3 . There were no significant differences between subgroups 1 and 2 in the total number of CNAs, median number of CN gains, LOH, CN-LOH, and CN mosaic types. Although a difference was observed in the median number of CN mixed types between subgroups 1 and 2 (P = .0543), the difference fell short of statistical significance. The results are shown in Figure 2A .
Regions of gains detected in more than 50% of the cases were located at 5q21.2, 5q3, and 14q32. 33 the presence of metachronous metastasis was correlated with subgroup 2 ( Figure 3A ). However, no correlation of each subgroup with overall survival could be found. Cox proportional hazards analysis was performed to determine and compare the diseasefree survival rates. We examined whether the clinicopathological findings and stratified subgroups were independent predictors of patient disease-free survival. We used a univariate analysis for preliminary screening of the variables (Table 5a ). This analysis was, in turn, followed by the application of a Cox proportional hazards model. The univariate analysis of patients with ccRCC ( Abbreviation: CNA, copy number alteration.
F I G U R E 3 Kaplan-Meier analyses. A, The rate of metachronous metastasis according to distinct subgroups based on copy number alteration in the first cohort. B, Association between the presence of metachronous metastasis and copy number alterations of mixed pattern at 3p24.3 in the first cohort. C, The rate of overall survival according to distinct subgroups based on copy number alteration in the first cohort. D, Association between overall survival and copy number alteration of mixed pattern at 3p24.3 in the first cohort. E, The rate of metachronous metastasis according to a distinct subgroup based on copy number alteration in the second cohort. F, Association between the presence of metachronous metastasis and copy number alteration of mixed pattern at 3p24.3 in the second cohort. G, The rate of overall survival according to a distinct subgroup based on copy number alterations in the second cohort. H, Association between the overall survival and copy number alterations of mixed pattern at 3p24.3 in the second cohort. *P = .0028, † P = .0087, ‡ P < .0001, § P = .0005. DFS, disease-free survival; OS, overall survival 418 | 3.1.5 | Association of disease (metachronous metastasis)-free survival and clinicopathological findings with a specific SCNA
We found that 3p24.3 mixed type was an independent factor for predicting good prognosis of ccRCC. Kaplan-Meier analysis was performed to compare disease-free survival according to 3p24.3 mixed type. The data showed that it was correlated with the presence of metachronous metastasis ( Figure 3B ). In univariate analysis, two factors, including tumor size and 3p24.3 mixed type, were correlated with metachronous metastasis (Table 6a ). Of those, only 3p24.3 mixed type remained in multivariate analysis (Table 6a) . 
| Hierarchical clustering based on SCNA patterns in ccRCCs in the second cohort
Using hierarchical clustering, the SCNA pattern was also examined in the second cohort. Two distinct subgroups (subgroup 1, 13 cases; subgroup 2, 16 cases) were identified as shown in Figure 1B , in which the CNA marker in tumor tissue is indicated by the vertical line, and the horizontal lines denote "relatedness" between samples. Figure S2b facilitates understanding of the data.
| Differences in the clinicopathological findings between subgroups 1 and 2 in the second cohort
In the second cohort, some statistical differences in clinicopathological findings were found between the subgroups, including sex, age, tumor size, tumor location, Fuhrman grade, necrosis, venous invasion, and TNM stage. We found that tumor size, venous invasion, TNM stage, and the frequency of metachronous metastasis were greater in subgroup 2 than in subgroup 1 (tumor size, P = .0283; venous invasion, P = .0200; TNM stage, P = .0032; metachronous metastasis, P = .0025; Table 2b ).
| Differences in the SCNA patterns between subgroups 1 and 2 in the second cohort
Differences in the SCNAs between subgroups 1 and 2 are shown in Table 3 . Although a difference was observed in the median number of CN mixed type between subgroups 1 and 2 (P = .0978), the difference did not reach statistical significance. The results are shown in Figure 2B .
Regions of gains detected in more than 50% of the cases were located at 5q23. 3.2.4 | Disease (metachronous metastasis)-free survival and clinicopathological findings in the stratified subgroups in the second cohort
The proportion of metastasis-free cases in the second cohort was 51.7% (15 of 29 ccRCCs). Kaplan-Meier analysis was performed to determine and compare disease (metachronous metastasis)free survival and overall survival according to each stratified SCNA pattern (subgroups 1 and 2). Although there was no significant difference in the clinicopathological factors and overall survival between subgroups 1 and 2, the presence of metachronous metastasis was correlated with subgroup 2 (Figure 3 ). Cox proportional hazards analysis was performed to determine and compare the disease-free survival rates. We asked whether the clinicopathological findings and stratified subgroups were independent predictors of patient disease-free survival. We used a univariate analysis for preliminary screening of the variables (Table 5b ). This analysis was in turn followed by application of a Cox proportional hazards model. The univariate analysis of patients with ccRCC (Table 5b) identified four factors (tumor size, venous invasion, TNM stage, and stratified subgroup) that were associated with an increased frequency of metachronous metastasis.
Two factors were identified in the multivariate Cox proportional hazards analysis (Table 5b) . Tumor subgroup classifications (subgroup 1 vs 2) remained significant predictors of disease-free survival, even after controlling for the other variables. pT stage was not a factor associated with metachronous metastasis after adjusting for the effects of the other factors.
3.2.5 | Association of disease (metachronous metastasis)-free survival, overall survival and clinicopathological findings with a specific SCNA in the second cohort Kaplan-Meier analysis was performed to compare disease-free survival and overall survival with the 3p24.3 SCNA mixed type ( Figure 3F and 3H) . As a result, we found that although the 3p24.3 SCNA mixed type was not associated with overall survival, it was an independent factor to predict favorable prognosis of ccRCC. In univariate analysis, four factors, including tumor size, venous invasion, pT stage, and 3p24.3 mixed type were correlated with metachronous metastasis (Table 6b ). Among those, only 3p24.3 mixed type remained after multivariate analysis (Table 6b) . and ovarian cancers. 22 Data show that multiple SCNAs may enhance tumor invasion and metastasis. ccRCC, however, can invade and/or metastasize irrespective of the low frequency of SCNAs, suggesting that the accumulation of SCNAs might be a minor facilitator of cancer invasion/metastasis in a subset of cancers. 23 This hypothesis may be supported by the finding that the accumulation of SCNAs is not necessarily correlated with cancer invasion/metastasis in endometrial cancer, which is characterized by a low frequency of SCNAs. 23 There are two distinct molecular subtypes, including microsatellite stable (MSS) and microsatellite instability (MSI) in cancer cells. 24 In addition, MSS can be classified into chromosomal instability (CIN) that is characterized by multiple SCNAs and non-CIN that is not accompanied by multiple SCNAs. 21 Other mechanisms, such as DNA methylation and abnormal expression of microRNAs, other than multiple SCNAs, may be required for tumor progression in ccRCC. 21, 25 Based on this theory, ccRCC may be assigned into the non-CIN type. We suggest that the role of SCNAs in invasion/metastasis may vary with the type of cancer. Molecular profiles of tumor cells help to evaluate the carcinogenic course of ccRCC. 12 Although we could classify the ccRCCs we examined into two subgroups (subgroups 1 and 2) in terms of SCNA pattern, there was no significant difference in the SCNA subtypes, including gain, LOH, CN-LOH, mosaic, and mixed types between subgroups 1 and 2.
However, we found that a 3p CN mixed type (LOH + LOH mosaic) was a significant factor for differentiating the subgroups in our patient cohort.
Next, we examined whether there was an independent prognostic factor among the 3p CN mixed type in ccRCC that we examined. Interestingly, we showed that 3p24.3 mixed type was an independent factor that predicted an excellent disease-free prognosis in ccRCC. Although it is well known that a specific SCNA can be a prognostic factor to predict poor patient prognosis in various cancers including gastric, 26 colorectal, 27 and renal cell cancers, 28 One report showed that high expression of RFTN1 was closely associated with poor prognosis of ccRCC, compared with low expression (The Human Genome Atlas). 29 Previous study has shown that RFTN1 controls toll-like receptor adaptor molecule 1 (TICAM-1) signaling that regulates protein-protein interactions between the tolllike receptors and signal-transduction components. 30 Based on this finding, RFTN1 may play a role via TICAM-1 in renal carcinogenesis.
Second, HMGB1 is abundantly expressed in almost all human cells, and plays an important role as a chromatin-associated nuclear protein. 31 Overexpression of HMGB1 occurs in a variety of human cancers, such as prostate cancer, 32 RCC, 33 hepatocellular carcinoma, 34 lung cancer, 35 colorectal cancer, 36 and gastric cancer, 37 which may suggest a potential oncogenic role of HMGB1. This finding may mean that low expression of HMGB1 is correlated with good prognosis in various cancers. Third, a previous study provided new evidence that RPL24 expression is common in human breast tumors, but that depletion or structural alteration of RPL24 can significantly impair human breast cancer cell viability. 38 According to this finding, it is possible that low expression of RPL24 could be correlated with good prognosis of cancers such as thyroid and renal cell cancers (The Human Genome Atlas). 29 In addition, RPL31 is a component of the large subunit of eukaryotic ribosomes. RPL31 knockdown could mediate extraribosomal functions and regulate the function of tumor suppressor p53. 39 Although this finding is not direct evidence for an association of RPL31 expression with cancer prognosis, low expression of RPL31 may influence patients' prognosis in cancer. In a previous study, high expression of RPL31 was closely associated with poor prognosis in renal cell cancer (The Human Genome Atlas), 29 suggesting inversely low expression of RPL31 may be correlated with good prognosis of ccRCC. Finally, PDCL3 is an interesting molecule in that PDCL3 expression is regulated by hypoxia and plays an important role in the stability of VEGFR-2. This finding may suggest that angiogenesis is a part of the hypoxia-sensing mechanism that maintains physiological angiogenesis. 40 The association of PDCL3 with cancer progression remains unknown, and further study will be needed. To summarize, we hypothesize that the loss or low 422 | expression of the above oncogenic genes may be caused by SCNAmixed type with LOH and LOH mosaic.
There are several limitations to this study. First, the number of patients enrolled in the study was small, particularly when compared to comprehensive "big data" analyses, such as those in TCGA. 12 In addition, SCNA types that were used in the present study are different from those of previous comprehensive analyses. 12, 41, 42 However, a correlation of a specific SCNA with patient prognosis, including disease-free survival, was not observed in a "big data" cohort study (comparison of the present study with other big data studies, including TCGA 41 and "Integrated Molecular Analysis of Clear-cell Renal Cell Carcinoma," 42 as summarized in Supporting   Information Table) . In the present study, irrespective of small studies, we showed that the 3p24.3 mixed type is correlated with diseasefree survival, a finding that is supported by the validation cohort in which disease-free survival was correlated with a favorable prognosis. Second, in retrospective cohort studies, a second cohort for validation purposes, in addition to the first cohort, may be necessary to identify the outcomes of patients with ccRCC. The present study, however, was limited to a single cohort. In the near future, we will attempt to validate the results presented here. Third, in the present study, we could not examine genetic differences in SCNA patterns between primary ccRCC and metastatic cancer tissues. Such information could be valuable; however, it is difficult to obtain frozen tumor tissues derived from metastatic lesions. In addition, it might be informative to compare the cancerous tissues with nearby normal tissues to determine whether the SCNA genotypes were strongly associated with tumor development. Finally, we could not examine the mutation status of whole genomes, such as whole exome sequence, in the present study. Further studies may be undertaken in the near future.
In conclusion, using cluster analysis of ccRCC, we examined the SCNA patterns including SCNA gain, LOH, CN-LOH, mosaic, and mixed types. We found that they could be stratified into 2 distinct subgroups. Although there was no significant difference between subgroups 1 and 2 in the SCNAs we classified, a statistical difference in the mixed types (LOH and LOH mosaic) at 3p24.3 was found.
The frequency of mixed type (LOH and LOH mosaic) at 3p24.3 in the metachronous metastasis was significantly higher in subgroup 1 than in subgroup 2. The integrated analysis of gene SCNAs pointed to several interesting genes as potential biomarkers for ccRCC although further studies need to be performed. Taken together, these results may be helpful in the understanding of renal carcinogenesis.
